Functionalization is an important way to breed new properties and applications for a material. This review presents an overview of the progresses in functionalized hexagonal boron nitride (h-BN) nanomaterials. It begins with an introduction of h-BN structural features, physical and chemical properties, followed by an emphasis on the developments of BN functionalization strategies and its emerging properties/applications, and ends with the research perspectives. Different functionalization methods, including physical and chemical routes, are comprehensively described toward fabrication of various BN derivatives, heteroand porous structures, etc. Novel properties of functionalized BN materials, such as high water solubility, excellent biocompatibility, tunable surface affinities, good processibility, adjustable band gaps, etc., have guaranteed wide applications in biomedical, electronic, composite, environmental and ''green'' energyrelated fields.
Introduction
Boron nitrides (BN) are constructed from equal numbers of boron (B) and nitrogen (N) atoms. These materials were previously considered as only synthetic, but recently have also been discovered in nature. 1 They have three crystalline forms that are isoelectronic to similarly structured carbon lattices: graphite-like hexagonal BN (h-BN), diamond-like cubic BN (c-BN), and a World Premier International Center for Materials Nanoarchitectonics (WPI-MANA), National Institute for Materials Science (NIMS), Namiki 1-1, Tsukuba, Ibaraki, Japan. E-mail: Weng 
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wurtzite BN (w-BN). Among them, h-BN is the most stable BN phase under standard conditions. c-BN is well known for its superb hardness. 2 Similarly to c-BN, the w-BN structure is also built from sp 3 -hybridized B and N atoms, but its neighbouring BN 3 or NB 3 tetrahedrons are stacked at a different angle. 3 h-BN has a typical layered structure like graphite. Within a twodimensional (2D) layer, alternating B and N atoms are linked with each other via strong B-N covalent bonds; whereas the 2D layers are held together by weak van der Waals forces. Unlike the case of graphite, the interlayer stacking pattern in the h-BN features its B atoms in every consecutive BN layer siting exactly above or below the N atoms in the adjacent layers. Such structural characteristics imply the polarity of B-N bonds, i.e. the partially ionic character of the covalent B-N bonds. Electron pairs in sp 2 -hybridized B-N s bonds are more confined to the N atoms due to their higher electronegativity; and the lone pair of electrons in the N p z orbital is only partially delocalized with the B p z orbital, in contrast to the equally contributed and evenly distributed electrons along the C-C bonds of graphite layers.
Due to a structural analogy with graphite, h-BN shares common properties with it, like anisotropy along and perpendicular to a basal plane, high mechanical strength and thermal conductivity, and good lubrication. On the other hand, the unique structural features of h-BN endow it many other important electrical, optical, and chemical characteristics. For example, the reduced electron-delocalization in the BN p bonds causes a large band gap and leads to the electrically insulating nature and colourless appearance of the material. These properties make h-BN very useful as insulating and thermally conductive fillers, deep ultraviolet light sources, dielectric layers, cosmetic products, microwave-transparent shields, etc. 4 Furthermore, h-BN is highly thermally and chemically stable, and thus is also widely used for durable high-temperature crucibles, anti-oxidation lubricants, protective coatings, etc. in industry. 5 It is expected that many novel properties can emerge from a material through its smart functionalization, either physical or chemical. This is also proven to be applicable in case of h-BN. Its properties can be tailored, and many brand-new features and applications can be created directly via such functionalization. However, the high chemical stability/inertness of h-BN hinders its modifications. This makes the corresponding attempts to functionalize BN structures, both physically and chemically, a challenging research topic. In this review, a comprehensive introduction of functionalized BN materials, from their synthesis, structural characterizations and properties toward real applications, is presented.
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We introduce a considerable number of recently developed functionalization strategies, which lead to non-classical properties and applications of functionalized BN nanomaterials. Finally, the general challenges and perspectives of this exciting area of research are highlighted and discussed.
Physical functionalization
Physical functionalization of h-BN nanomaterials mainly refers to their structural/morphological activations. Usually, the commercially available bulk h-BNs exhibit a laminar plate-like structure with a thickness varying from dozens to hundreds of nanometers, and a lateral size larger than a few micrometers. Certainly, their structures can be moulded into low-dimensional 0D particles/cages, 1D tubes/wires/ribbons, 2D sheets and 3D porous forms, as well as many other novel functional forms. We will selectively introduce and discuss different BN functional nanostructures in this section.
Low-dimensional BN nanostructures
Low-dimensional BN materials refer to a class of BN nanostructures with at least one dimension constrained to the nanometer scale. This is also applicable to the family of functionalized BN materials. In the past decades, one witnessed a flourish of developments in the field of low-dimensional BN nanomaterials. [21] [22] [23] [24] [25] [26] [27] [28] [29] Since these materials have already been reviewed in detail in numerous articles, like ref. 30 The mechanical properties of low-dimensional BN nanostructures are comparable to those of the bulk h-BN (Table 1 ). The measured elastic modulus of BNNTs along the axial direction ranges from 0.5 to 1.3 TPa, [6] [7] [8] [9] while the DFT calculated elastic modulus of BN monolayers was computed to be 0.72-0.95 TPa, [13] [14] [15] [16] [17] [18] both values are indeed close to the value for the bulk h-BN. 20 It should be noted that to the best of our knowledge, to date, there have been no experimental data related to the elastic modulus and fracture strength of BN monolayers. Experimental measurements of CVD-grown BNNSs containing a few BN layers showed a decreased elastic modulus. 15 These results confirm the ultrahigh strength and stiffness of the lowdimensional BN nanostructures and suggest their important applications for polymer, ceramic and light metal composite reinforcements.
Unlike the carbon materials whose thermal conductivity is determined by free electrons and phonons, thermal conductivity in electrically-insulating BN materials is exclusively governed by phonons. It was revealed that the thermal conductivity of carbon materials increased along with a decrease of material dimensionality. 34 Similarly, in BN materials, a rise in thermal conductivity under thinning BN to a monolayer was theoretically predicted, together with the stronger phonon-phonon scattering in the 2D layer. 19 Thus, although being not as high as that of graphene, the thermal conductivity of BN 2D mono-and fewlayered nanosheets is still extremely high. Some CVD-grown few-layered BN nanosheets were measured to have a lower thermal conductivity than that of bulk h-BN, probably due to the increased phonon scattering by polymer residues on the surfaces. 35 Furthermore, higher thermal conductivity can be expected when the dimensionality of BN is further decreased to 1D BNNTs and BN nanoribbons; the value may rival that of their carbon counterparts. 31, 36 
Porous structures
h-BN materials can be tailored into porous structures, which are useful for H 2 storage, pollutant treatment, catalyst supports, drug delivery, etc. Like for the preparation of other porous materials, porous BNs could be obtained with and without involving templates during the synthesis: soft-/hard-templating and non-template syntheses were introduced. In regards to template directed synthesis, numerous templates, such as silica, activated carbons, graphene aerogels, zeolites, cationic surfactants, and block copolymers were employed as templates. The specific surface areas (SSAs) of these porous BNs ranged from 100 to 950 m 2 g À1 . Remarkable progress was made in the last three years based on the latter non-template strategy, the SSAs values reached up to 1900 m 2 g À1 . 37, 38 Theoretically modeled stable porous BN structures could reach a SSA up to 4800 m 2 g À1 , 39, 40 indicating that a large potential toward further textural properties improvements still remains.
Hard-template method. In 2004, Han et al. first reported on the preparation of porous BNs using a hard template method. They used an activated carbon as a template, B 2 O 3 and N 2 as the B-and N-sources, respectively, and a high temperature. The measured SSA of the synthesized porous BN product was 167.8 m 2 g À1 , much smaller than that of the used activated carbon template (779 m 2 g À1 ). 41 Such a SSA degeneration phenomenon, caused by inefficient filling of precursors in the used template pores, was later confirmed to be common for this hard-template strategy. Thereafter, a series of ordered mesoporous carbon/silica and monolithic carbon aerogels were adopted as the hard templates, such as SBA-15 silica and CMK-3 carbons, [42] [43] [44] [45] and more recently the carbon aerogels. 46, 47 Compared with C templates, silica ones need HF to be removed. The method suffers from the inferior textural properties of the obtained BN replicas due to the hydrophilic nature of silica. However, it is noted that the mesoporous carbon templates are always fabricated from the mesoporous silica, thus from the point of reducing synthetic steps, direct utilizing of mesoporous silica should be advantageous. For example, Mokaya et al. selected ammonia borane (BH 3 NH 3 ) as the BN precursor to infiltrate a SBA-15 template. The resultant improved textural properties of the BN products (surface area of 327 m 2 g À1 and pore volume of 0.50 cm 3 g À1 ) imply a better filling performance for these small BH 3 NH 3 molecules. 48 Soft-templates. Soft-templates can also be designed for directing porous BNs. Taking advantage of the polycondensation property of tris(monomethylamino)borazine (MAB), Meile et al. prepared a transparent gel from MAB in a CTAB micelle solution after lengthy treatment at 120 1C. After eliminating the solvent and ceramization, a highly porous BN product with SSA of 800 m 2 g À1 and a pore width of 6 nm was synthesized. 49, 50 Through utilizing a hybrid organic-inorganic block copolymer of polynorbornenedecaborane, and self-assembly in THF, Malenfant et al. synthesized ordered porous BN nanostructures with a pore size peaking at B20 nm and a high SSA value of 950 m 2 g À1 . 51 Non-template synthesis. In 2010, Rao's group reported the synthesis of sheet-like BNs after a direct reaction between boric acid and urea taken at different ratios. At the optimized condition, the prepared sheet-like BN product exhibited a high SSA value of up to 927 m 2 g À1 . 24 Other synthetic techniques, like autoclave sealed reactions and thermal polymerization of BH 3 NH 3 , were also developed for porous BN preparations. [52] [53] [54] [55] [56] [57] However, their SSAs and pore volumes were not satisfactory. In the last three years, remarkable progress was achieved. The present authors synthesized microbelt-like porous BN materials from a boric acid-melamine (2BÁM) adduct, which was the first BN material revealing a SSA over 1000 m 2 g À1 (reaching 1488 m 2 g À1 ). 58 Such a high SSA and porosity for these 2BÁM-derived porous BNs was later independently reported by other groups. [59] [60] [61] The use of other precursor systems, such as boric acid-dicyandiamide, led to unprecedentedly high SSAs values, up to 1900 m 2 g À1 , in the obtained porous BN materials. 37 And interestingly enough, these materials exhibited a microporedominated porosity. Additionally, porous BN sheets prepared from a B 2 O 3 -guanidine hydrochloride precursor were reported by Lei and Chen, they also reached a very high SSA of 1425 m 2 g À1 . 62 And recently, BN porous monoliths have also been directly fabricated using this non-template strategy instead of using carbon templates. 63 
Chemical functionalization
Despite the structural similarity between h-BN and graphite, as well as between their nanostructures, functionalization of the BN materials has been far less well explored. Actually, functionalization of C-based materials can refer to many organic chemical reactions, while functionalization of BNs is not common with respect to well-established chemically active sites in organic chemistry. Although being very challenging, there have been several strategies successfully developed for BN chemical modifications.
As a general rule, reaction of both h-BN and graphite on their basal plane sites always involves opening of their polarized or equally conjugated p bonds. Thus, the generated new bonds should always be present at an even number. When a functional group forms a single bond with B or N, a compensating group (no matter whether it is the same or not with the functional group) should also be attached to the unpaired N or B atom to balance the overall charge. Some other functional groups can form a bridging bond when a BN p bond is opened, similar to the case of CQC bond epoxidation. The simplest functionalized BN structure model has usually two groups added to a neighboring B-N unit. However, both experimental and theoretical studies on the chemical modification of a conjugated carbon system have revealed that, when the charge and aromaticity are satisfied, the bonded functional groups are not limited to the neighbouring positions (they can be spatially separated). [64] [65] [66] [67] [68] [69] Such phenomena may also be applicable to the h-BN systems.
Since the B-N bonds in an h-BN structure have a partial ionicity, its B and N atoms are partially positively (electron deficient centers) and negatively (electron rich centers) charged, respectively. This property makes the B sites attackable by nucleophilic groups, while the N sites are reactive with electrophilic ones. To date, numerous functional groups, including hydroxyl (-OH, discussed in Section 3.1), amino (-NH 2 , Section 3.2), ether (-OR, Section 3.1), amine (-NHR, Section 3.2), arcyl (-COR, Section 3.4), alkyl (-R, Section 3.3), and halogen (-X, Section 3.4) groups, as well as heteroatoms (C and O, Section 3.5), have been experimentally introduced into BN skeletons through chemical functionalization, as shown in Fig. 1 .
Hydroxyl (-OH) and alkoxy (-OR) groups
Hydroxyl group. A hydroxyl group (-OH) can be covalently attached to the electrophilic B sites of a BN nanostructure, which is the most important functionalization group for BN chemical modifications. The -OH modified BN materials are not only ready for direct applications in various fields, such as advanced matrix filling and biological processes, but also serve as the initiators of further reactions and designs toward many complex BN derivatives. There have been many methods developed to link -OH groups on the surfaces of BN nanotubes (BNNTs) and nanosheets (BNNSs). In this part, the developed methods for the hydroxylation and alkoxylation of the BNs are introduced and discussed in detail.
When the BNNTs or BNNSs are used as the precursors, various methods become available to prepare the OH-BN derivatives, including plasma treatment, hydrothermal reactions with NaOH, NaOH-assistant ball-milling, and reactions with H 2 O at a high temperature, or using reagents that can generate OH radicals, etc. For example, Zhi et al. reported the hydroxylation of BNNTs via chemical reactions between BNNTs with H 2 O 2 that had been sealed in an autoclave, where H 2 O 2 was dissociated to generate OH radicals and reacted with BNNTs at 120 1C. 71 The -OH groups were chemically bonded to the B sites of BNNTs in the final product, as verified by XPS and IR spectroscopy. The obtained OH-BNNTs contained B6 wt% oxygen and could form a stable aqueous solution at 0.25 mg mL À1 concentration. Later, a more simple method was found by Lin et al. for the preparation of the hydroxylated BNNSs through direct sonication of h-BN powders in water. The presence of monolayered and a-fewlayered nanosheets was confirmed in the obtained dispersions (with an order of B0.05-0.1 mg mL À1 ). Sonication-assisted hydrolysis induced the exfoliation, cutting, and hydroxylation of BN layers. 72 Coleman's group reported using an organic peroxide reagent (di-t-butyl peroxide) to firstly introduce alkoxy groups on BNNS surfaces. After further treatment with H 2 SO 4 /H 2 O 2 , the bonded t-butoxy groups were hydrolyzed to -OH groups. 73 The estimated functionalization degree for the first step was B4 at%, whereas the resultant OH-BNNS could form a B0.1 mg mL À1 solution in water. More recently, our group has found an easier post-treatment method to prepare OH-BNNSs, i.e. exposing BNNSs to air plasma. 74 This is because the air contains O 2 and moisture that can also generate OH radicals to react with BNNSs under plasma conditions. Since the OH and OR radicals are violent intermediates, the reactions between these reactants and B/N sites of BN surfaces are thought to proceed randomly. Both in-plane and edge sites may possibly be functionalized. The formed sp 3 N-O bonds are considered to be not stable and would be degenerated or replaced by other groups.
Very different from the methods described above (always based on the post-reactions of BN bulk-/nanomaterials), the present authors have developed a new ''reserved reaction'' to obtain the OH-BN derivatives without using the corresponding BN precursors (Fig. 2 ). 70 In this method, a hydroxyl-containing B precursor was used to replace the carbon component in an N-rich C 3 N 4 solid at moderate temperatures. A portion of the -OH groups in the B precursors was successfully reserved in the obtained products, thus directly yielding the OH-BN derivatives without any post reactions. The prepared products featured the extra-high hydroxylation degrees, up to 30 at%, i.e. over 88% of B atoms had been hydroxylated, as was confirmed by XPS analysis. Their water colloid solutions, at a concentration of 2 mg mL À1 , were found to be very stable and useful for drug loading and delivery applications. This strategy should also inspire the functionalization of other materials, such as graphene and carbon nanotubes (CNTs), because many C precursors also contain rich -OH, -NH 2 , and other groups, which could be reserved when the proper conditions are chosen during material growth/synthesis.
In recent years, remarkable progress has been made on edge hydroxylation of BNNSs. Using bulk h-BN powders as the precursor, Lee et al. have developed a hydroxide-assistant ball milling technique to simultaneously exfoliate and functionalize BN ( Fig. 3a and b ). 75 The NaOH solution used in this method was suggested to cut and functionalize h-BN sheets via a reaction between the h-BN and OH À ions, while the high-speed balls provided the required shear force to exfoliate the materials. An increased oxygen content, up to 6.4 at%, for the OH-BNNS products indicated that, besides the edges, in-plane B sites had also been partly hydroxylated. The obtained OH-BNNSs were found to reduce the oxygen and water vapour permeability of a polymer matrix by 46% and 34%, respectively. Very recently, Xiao and Huang have reported that OH-BNNSs can be prepared via a steam treatment at high temperatures; this simultaneously realizes exfoliation and hydroxylation. 79 Furthermore, they provided direct evidence for edge-hydroxylated BNNS characterizations using electron energy loss spectroscopy (EELS) maps ( Fig. 4 ). The presence of oxygen at the edge positions and its absence within the in-plane locations was disclosed. In addition, as shown in Fig. 3c , the present authors have proposed the introduction of in-plane growth inhibitors to prepare edge exposed and -OH terminated BN porous sheets (BNPSs). 76 The IR spectrum indicated the presence of sp 2 -hybridized B-O vibrations, which had arisen from the -OH groups that terminated at the BN(002) plane edges. The BNPSs were found to absorb visible light and showed a yellowish colour, indicating a narrowed band gap compared with h-BN. First-principle simulations have revealed that the band gaps between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) for the edge -OH terminated BN quantum dots are narrowed compared with those of -H terminated analogs and h-BN. 77, 78 Thus, both experimental and theoretical facts have revealed the feasibility of BNNS and BNNT band gaps modifications through edge-functionalization.
Alkoxy (-OR) groups. Alkoxy (-OR) groups can directly be introduced onto BN surfaces. With the assistance of sonication, the walls of highly-crystalline BNNTs were found to be peeled off and formed BN nanoribbons (BNNRs) in various primary alcohols solvents. 80 IR tracking revealed the formation of B-O, B-O-C and O-B-O vibration modes in a product, which were not originally present in the BNNTs. These alcoholysized compounds with their edges terminated by -OR groups can be well dispersed in alcohol solvents.
Amino (-NH 2 ) and amine (-NHR) groups
Just as with the -OH group, the electrophilic B centers of the BN surfaces can also be modified by -NH 2 and -NHR groups. In 2007, using NH 3 plasma, Zettl's group first reported that -NH 2 groups could be attached to the BNNT surfaces covalently being accompanied by the amorphization of BNNT walls. 82 Liao et al. found that BNNTs could be etched in ammonia solution under sonication. Entangled and freestanding BN nanoribbons were detected in the products due to -NH 2 functionalization and unzipping. 83 As shown in Fig. 5 , Lei and Chen synthesized NH 2 -BNNSs via ball milling and using urea. The resultant NH 2 -BNNSs exhibited good solubility in water and formed colloidal solutions. Through different dehydration pathways, a light NH 2 -BNNS aerogel (complete dehydration via freeze drying) and a nearly transparent membrane (incomplete dehydration via natural drying in air) were obtained. 81 As discussed above, the positive charge of B atoms in BN structures enables them to interact with Lewis bases. Xie et al. treated the BNNTs with -NH 2 terminated PEG chains, i.e. the first organic species used for BNNT functionalization, and observed that the yielded functionalized BNNTs could be introduced to and stabilized in aqueous solutions. 84 After boosting the treatment temperature and time, Lin and coworkers found that such Lewis acid-base interactions between the -NH 2 ends of PEG and octadecylamine take place, and the h-BN surfaces are effective for further exfoliations and functionalizations. 85 Clear and transparent functionalized BNNS colloidal solutions in THF were obtained with a concentration of 0.5-1 mg mL À1 .
Alkyl (-R) groups
Alkyl groups can link with BN by forming B-C-N bridged bonds or directly on B/N sites. In order to prepare the alkyl functionalized BNNSs, Sainsbury et al. designed a route to firstly insert dibromocarbenes into B-N bonds, followed by the butyl substitution of Br atoms to obtain the desired alkylated BNNSs, i.e. (n-C 4 H 9 ) 2 C-BNNSs. 86 The detailed spectroscopic characterizations of the intermediate and product confirmed the viability for BN novel surface-functionalization through such a carbene route. Another interesting method reported recently for BNNT alkylation has been based on an intermediate reduction step. BNNTs were firstly treated with sodium naphthalide solution to accept transferred electrons from the naphthalide ions. After the following reaction with 1-bromohexane, CH 3 (CH 2 ) 5 -BNNTs were prepared (Fig. 1 ). The authors provided DFT calculations and IR spectra to prove that the introduced hexyl groups were bonded with B sites due to the extra injected electrons, which had to fill the empty p orbitals of B sites. This finally resulted in covalent bonding of hexyl groups with the unpaired electrons located at B sites. 87 
Other groups (-OCOR, -NHCOR, -COR, etc.)
Besides the functional groups discussed above, there have been also many reports on other functionalized BN nanostructures, including esterified (-OCOR), amidated (-NHCOR), acylated (-COR) ones, etc. These derivatives can be prepared directly from their BN precursors or via their hydroxylated (OH-BN) and aminated (NH 2 -BN) intermediates. The first covalent approach developed for BN nanostructure functionalization was based on the reaction between the electrophilic acyl group (-COR) and the amino-groups (defect sites) on BNNTs by refluxing. 30, 88 To date, there have been very few samples prepared in relation to this type of BN functionalization. The resultant modified BNNTs were dispersible in numerous organic solvents, such as chloroform, N,N-dimethylacetamide, THF, DMF, acetone, toluene, and ethanol. This property endows the functionalized BNs with good processability during fabrications of uniform and thermally/mechanically enhanced composite materials.
Starting from the as-synthesized OH-BN and NH 2 -BN, further derivatization reactions were conducted to construct more complex BN derivatives. -OH groups in the OH-BNNTs/OH-BNNSs could be esterified by perfluorobutyric acid (CF 3 CF 2 CF 2 COOH) or thioglycolic acid (HSCH 2 COOH), and could also be functionalized by isocyanate. 71, 73 Furthermore, in order to introduce polyhedral oligosilsesquioxane (POSS) structures onto the surfaces of BNNTs for dielectric modification purposes, Huang et al. designed a multi-step reaction. 89 They used oxosilane to react with the -OH groups on BNNTs followed by coupling with POSS derivatives to achieve the goal. Such a reaction was also demonstrated to bond other oxosilane groups onto BNNT surfaces. 90 With the presence of -NH 2 groups in BNNTs, acylation of -NH 2 groups became possible. 82 These efforts to graft various groups onto BN nanostructures not only enrich the pool of BN chemical functionalization routes, but more importantly, provide tailored BN nanofillers for advanced composite applications, as will be discussed in Section 4.4 in more detail.
Hydrogen is the simplest group that can be used for BN structural modifications. Based on the first principle calculations, a fully hydrogenated BN nanosheet (H-BNNS) shows a narrowed band gap of 3.0-3.1 eV compared with the h-BN. 91 Furthermore, the band gap of a half-hydrogenated BN nanosheet (on B sites) decreases to 2.24 eV, as predicted by Yang's group. 92 Thus, this theoretically investigated BN structure should absorb the yellowgreen light of the visible spectrum. The chemical adsorption energy of hydrogen is À0.31 eV per H atom, indicating that the proposed hydrogenation process is quite exothermic and thermodynamically favourable. And interestingly, the H + reduction potential and H 2 O oxidation potential were calculated to locate within the band gap of this half-hydrogenated BN nanosheet, endowing it with promise for water photocatalytic splitting. 92 Florine functionalization of BNNTs was achieved through one-step BNNT growth and simultaneous F functionalization using BF 3 as the B and F source. 93 The obtained F-BNNTs, with F concentration of B4 at%, were found to be semiconducting; the conductivity increases by 3 orders of magnitude compared with the pure BNNTs. First-principle simulations of fully fluorinated BN nanosheets revealed a comparable band gap (3.1-3.2 eV) to H-BNNSs, smaller than that of h-BN; 91 this result was in accordance with the experimental results obtained for the BNNTs after F-functionalization.
Besides the functional groups discussed above, many other groups, such as -CH 3 , -CHO, -CN, etc. as well as their effects on the material band gaps/band structures, were also explored theoretically by Bhattacharya et al. 91 The calculated band gaps of these chemically functionalized BN monolayers varied from 3.2 eV to 0.3 eV. Many functional groups, such as -H, -OH, -NH 2 , -CH 3 , etc., were predicted to generate a direct band gap in semiconductors. Furthermore, these chemically functionalized structures were suggested to be inherently stable taking into consideration their real vibrational modes based on phonon frequency calculations. 91 
Heteroatom doping (C and O)
Doping refers to the atomic substitution of B or N atoms by heteroatoms within a BN 2D in-plane structure without forming large domains made of the solo doping atoms. Introduction of special heteroatoms to the BN structures can bring some unique properties or significant changes of the pristine properties. Since pure h-BN is a wide band-gap semiconductor, one important research direction is to narrow its band gap while maintaining its original honeycomb-like structure, i.e. the opposite strategy to opening the band gap in graphene in order to meet practical semiconducting applications. In this field, however, it is difficult to find appropriate elements to be alloyed with BN within its 2D hexagonal monolayer. Many efforts, like doping BNNTs and BNNSs with carbon (C) and oxygen (O) atoms, were described; the band-gaps of the resultant doped BN products were proved to be tuneable both theoretically and experimentally. Such chemically doped BN materials can be prepared either using post-treatments or during the material growth.
Within a BN monolayer, only a dynamic carbon substitution to a honeycomb-like BN structure under non-equilibrium conditions leads to the formation of C-doped BNNSs. In fact, in B-C-N materials, the thermodynamically stable situation is the phase separation, i.e., graphite and h-BN phases coexist. 26, 94 Carbon atoms in as-defined C-doped BN structures can be alloyed as C 2 dopants and aromatic rings that are surrounded by BN lattices. At a low doping level, pairs of adjacent BN atoms in a 2D BN single-layer sheet are substituted by C 2 atom pairs, as depicted in Fig. 6a -c. These C 2 atom pairs can be isolated from each other, or connect together to form C 6 aromatic rings. 95 With an increase in C doping level, the C aromatic ring domains grow and start to merge. However, for a BC 2 N monolayer with a doping level of 50 at%, first-principle simulations have predicted the energy-favourable structure is composed of alternating and parallel BN or C zig-zag chains throughout the plane (structure II in Fig. 6d ). [96] [97] [98] Another stable isomer with every C atom bonded with one B, C and N atom is also considered to be stable due to the release of structural stress, i.e. the structure I shown in Fig. 6d . Experimentally, Loh's group prepared a BC 2 N monolayer with a right stoichiometry after exposure Ru(0001) facets to C 2 H 4 and borazine vapours at controlled temperature. 99 They used STM mapping to reveal the presence of predicted two stable BC 2 N isomers (Fig. 6d ). After decoupling with the metal substrate, the measured average energy gap for the BC 2 N was around 2 eV ( Fig. 6e) , close to the predicted value.
In addition, many other methods have also been developed and reported for the preparation of C-doped BNNSs or BNNTs. 94, [101] [102] [103] [104] In this field, the major experimental obstacle is the lack of clear and efficient structure characterization technology. Clarifying a possible C-doped BN structure usually needs a comprehensive analysis combining the material chemical environment and its bond nature detections. Spectroscopy, like XPS, X-ray absorption near edge structure (XANES) spectroscopy, solid-state NMR, EELS and IR are useful tools that can give important information on whether the desired sp 2 -hybridized B-C and N-C bonds have been formed. Certainly, further development of state-of-the-art microscopic techniques, that are atom-resolved and element-distinguishable, such as annular dark-field imaging, aberration-corrected STEM, STM, AFM, etc. will provide ideal tools for solving the remaining challenges.
Doping BNNSs and BNNTs with O atoms has been investigated in theory and testified in experiment. 100, [105] [106] [107] Such doping takes place on N sites; O replacement of B atoms instead was predicted to be unstable due to the high structural deformation caused in theory. 105 Interestingly, O doping will inject even electron numbers into the conjugated p bond, similar to the case of graphitic type N doping of graphene. This leads to the formation of narrow-band-gap BN nanostructures, 105, 108 and may also offer a new pathway for BN magnetic property manipulations, 108 as well as new properties for electrochemical catalytic applications, like the oxygen reduction reaction (ORR), hydrogen evolution reaction (HER), etc. Recently, Teo and coworkers have treated a CVD-grown BN film with oxygen plasma, and found that the BN band gap decreased from 6 eV to 4.31 eV. 100 And accordingly, the measured electrical conductivity of the BN film increased B100 times (Fig. 6f ). Han et al. observed pronounced radiative transitions that were mainly located in UV and deep UV ranges in O-doped BNNTs while studying their cathodoluminescence (CL) spectroscopy. 109 Later, based on first-principle calculations, Pan and Shi specified an O-doping configuration of BNNTs, i.e. via forming sp 2 -hybridized B 3 O 6 fragments, that could properly explain the origin of radiative transition properties. 110 Thus, CL and other luminescence spectroscopic techniques, can be applied to study the O-related defects in BN crystalline nanostructures.
BN heterostructures
2D materials, including h-BN, have attracted prime interest in microelectronics. A combination of various 2D structures with BN into stacked or in-plane built heterostructures can inherit the advantages/properties of both BN and hetero-components, and yield new functionalities, thus meeting new specific requirements for practical applications. BN and graphene domains can be merged within a single-atom-layer by covalent bonding or sandwiched in a layer-on-layer stacking fashion to realize the atomically thin circuitry. Such designs utilize the electrically insulating properties of BN and conductive properties of graphene, and arouse a wide interest of both the scientific and industrial communities. In addition, it has been shown that many other functional particles, domains and molecules, including metal oxide/chalcogenide/halide and metal nanoparticles, and MOF nanocrystals, can grow on the surfaces of BNNTs and BNNSs to form BN composites for a broad range of uses. Their interfaces could be engineered using either the weak van de Waals, p-p and charge-charge interactions or strong valence and ion bonding. Fig. 7a presents a general strategy to fabricate patterned planar graphene/h-BN heterojunctions. Firstly, BN or graphene is grown on a substrate surface with whole coverage by chemical vapour deposition (CVD), followed by patterned etching and epitaxial re-growth of the second component. 111 Fig. 7b and c illustrate SEM images of alternating strip-patterned and nonpatterned graphene/h-BN planar heterojunctions, respectively. A focused ion beam (FIB) method allows one to generate thin lines as narrow as B100 nm. A STM image (Fig. 7d ) reveals the seamless links between the lower graphene and upper BN domains; the height difference is much smaller than the interlayer spacing of graphene or BN (3.33-3.37 Å), indicating that the decent in-plane connection between graphene and BN domains has indeed been obtained. However, the electrical properties are rather abrupt across a one-dimensional interface. 112 Without etching, Gong et al. found that a partial conversion of the graphene lattice to BN had happened after treatment with H 3 BO 3 -NH 3 at a high temperature; this makes it possible to fabricate uniform graphene-BN planar heterojunctions. 113 Besides the planar graphene-BN heterojunctions, a multiple-step CVD growth 29, 114 and one-step co-segregation growth, 115 of layer-on-layer graphene-BN heterostructures have also been recently developed.
Due to the uneven ionic properties of a B-N bond, B and N atoms are slightly positively and negatively charged, respectively. This property makes BN materials interactive with both charge donors and acceptors. In an aqueous solution, BN surfaces are negatively charged (due to the tendency to adsorb more OH À ), providing possibilities for adsorbing metal ions and growing uniform metal oxide/chalcogenide/halide, metal and MOF nanoparticles on the surfaces. These include TiO 2 , [116] [117] [118] [119] ZnO, 120 SnO 2 , 55 WO 3 , 121 In 2 S 3 , 122 AgBr, 123 AgI, 124 Fe 3 O 4 , 125 Au, 118 Ag, 126, 127 Pt, 128 ZIF-8, 129 etc. 130 Besides, a lot of other molecules/ ions can also interact with BN nanomaterials through weak van de Waals, p-p, and charge-charge interactions, such as DNA, polymers, surfactants, small biomolecules, etc. 31, 131 Future advances in this field may bring revolutionary breakthroughs in electronic-, biomedical-, and energy-related researches.
Properties and applications

Water solubility and biological applications
The unique hollow structures of CNTs, and, later, the 2D structures of graphene oxide, have propelled great interests for these materials in biological applications, such as tumour labelling, [133] [134] [135] [136] sensing and targeting, [136] [137] [138] drug/DNA/RNA delivery, 136 etc. However, toxicity related with the dose, time, and shape of these carbon-based nanomaterials has been confirmed through in vitro and in vivo investigations. [139] [140] [141] [142] BNNTs or other BN nanostructures, instead, seem to have a better biocompatibility and lower cytotoxicity than their C cousins, although more conclusive results are still required. 143 In order to make the functionalized BN nanomaterials well qualified for biological applications, two main issues need to be addressed.
The first challenge relates with the materials' water solubility/ dispersibility. It is known that a material with poor solubility/ suspension in physiological solutions is difficult to introduce into biological systems, while pure BN nanomaterials exhibit notable hydrophobicity when interacting with water or aqueous solutions. [144] [145] [146] Over the last 10 years, many efforts were made to improve the solubility/suspension of BN materials via surface functionalization (as discussed in Section 3), interactions or wrapping by guest molecules. The phenomenon of improved water wettability on BNNS surfaces has been directly observed after hydroxylation through air plasma treatment (Fig. 8a) . 74 In recent years, remarkable progress has been made toward overcoming this severe problem. The present authors reported highly water-soluble BNs, which could be stabilized in water at a concentration as high as 2 mg mL À1 . These materials were synthesized by an unconventional ''reserved functionalization'' method. The achieved concentration was more than 2 orders of magnitude higher, as compared with other reports, and also comparable with GO solutions. 85, 131 The formed colourless and transparent BN colloidal solutions were confirmed to be stable over at least a week. More recently, the NH 2 -BNNSs prepared by ball-milling method have been claimed to form a 30 mg mL À1 colloidal solution in water. 81 These progressions indicate that the challenges related to BN materials' poor water solubility/dispersibility can be effectively addressed via chemical functionalization.
The second important issue is the biocompatibility problem of a material. The toxicity of carbon nanomaterials has been related to their aspect ratio, purity, concentration and dispersion reagents, also it is affected by the used cell/tissue/organ-types. 147 As for BNNTs, there have been many toxicological results showing that they are nontoxic or have very low toxicity. Assaying using BNNTs with different purities and geometry, different dispersion reagents and cell types has proved this. [148] [149] [150] [151] [152] As expected, the sphere-shaped BN nanoparticles with a low aspect ratio showed acceptable cytotoxicity. 153 However, negative cytocompatibility was found when using an ultra-concentrated BNNT culture medium with the BNNT concentrations of 100 mg mL À1 , 154 and also long tubes (Z10 mm) in Horváth's report. 155 As shown in Fig. 8b and c, the recently developed biocompatible OH-BN in our group could load B300 wt% of doxorubicin (DOX) drug, and exhibit much higher potency for reducing the viability of LNCaP cancer cells than free drugs. 70 To improve the hydrophilicity and drug load capacity, Li et al. coated the shortened BNNTs with mesoporous SiO 2 , and found that the functionalized BNNTs could indeed adsorb more DOX drugs than the bare ones and show an improved cancer cell killing ability ( Fig. 8d-f ). 132 These authors also fabricated BNNTs coated with europium doped sodium gadolinium fluoride (NaGdF 4 :Eu) for drug delivery, and found it to be advantageous for target directing and manipulating in an external magnetic field. 156 In addition to drug delivery, more applications of BN nanomaterials are under exploration, e.g. using BNNTs for controlled differentiation of mesenchymal stem cells. 157 Since the studies of BN nanomaterials for biological and biomedical applications have emerged only in the past few years, it is believed that the research depth and width should be developed in the near future, particularly with respect to functionalized nano-BNs.
Microelectronics
To date, two main types of applications have been targeted for BN materials in the microelectronics field. Firstly, while employing the electrically insulating property, BN nanosheets may be used as separators and barriers in highly conductive components, such as barriers utilized in field-effect tunnelling transistors and the atomically thin insulators to separate metallic channels. Secondly, benefiting from its surface smoothness, BN is also applied as a substrate for high-performance devices. h-BN surfaces are extremely smooth, free of charges and dangling bonds, and have excellent physical properties, such as superb in-plane mechanical strength, high chemical and thermal stability, and high thermal conductivity, etc. These properties make the h-BN a unique 2D material for the design and fabrication of high quality devices.
Successful fabrication of hybrid structures allows one to build electrically isolated graphene devices with a monoatomic thickness, as shown in Fig. 9a and b . It is known that modern integrated circuitry presumes a precise spatial control of electrical properties of the used thin films, which in theory, could be thinned down to a monoatomic thickness. Levendorf et al. reported a versatile and scalable synthesis of basal junctions between electrically conductive graphene and insulating h-BN under precise spatial control. 158 Conducting behaviour confined to the patterned graphene areas was observed; the h-BN segment showed no conductivity. Using electrostatic force microscopy, h-BN was also confirmed to be free of small conducting BN-C pockets that might form during the growth.
This provides an important step toward developing atomically thin integrated circuits.
The zero-band-gap property of graphene is the main barrier for field-effect transistor (FET) applications because a lowpower-dissipation OFF state is difficult to achieve under such a condition. Based on the quantum tunneling effect in a thin h-BN barrier, Britnell et al. fabricated a sandwich-like BN/graphene/BN (BN/G/BN) FET with high ON/OFF ratios, as depicted in Fig. 9c and d. 159 The transit time for the electrons tunneling through a-few-layer BN barrier is expected to be only a few femtoseconds, thus faster than that for the conventional submicrometer-sized planar FETs. The field effect increases gradually up to gate voltages of AE50 V. The response performances (Fig. 9d ) of a device containing 4-to-7-layer BNs show changing factors of B20 for negative and 6 for positive gate voltages, corresponding to a high ON/OFF ratio of >10 4 . 159 Other FET devices working on a similar principle have also been investigated while using various conducting materials (graphite, graphene, and gold) on the BN barrier sides. The tunneling current exponentially depends on the number of BN atomic layers; these function as a defect-free dielectric with a high breakdown field, offering a great potential to design tunneling devices and FETs with a high carrier density in the conducting channel. 160 Mayorov et al. have observed that devices made from graphene encapsulated in h-BN exhibited a pronounced negative bend resistance and an anomalous Hall effect, as a consequence of room-temperature ballistic transport at a micrometer scale for a wide range of carrier concentrations. 162 By aligning the crystallographic orientations of the two graphene layers in a G/BN/G heterostructure, Mishchenko et al. realized the resonant tunneling under both energy and momentum conservation. Such tunnel circuits can be operated in a THz regime. 163 The electrically insulating BNNTs grown on graphene also enable its application as an effective digital switch. The STM characterizations of graphene-BNNT heterojunctions revealed a switching ratio as high as 10 5 at a turn-on voltage as low as 0.5 V. DFT calculations suggest that a mismatch of the density of states (DOS) is responsible for these novel switching behaviours. 164 h-BN can provide an ultra-smooth and clean surface to improve device quality and its performance. Fig. 10a shows a device with a 2D graphene crystal encapsulated in h-BN, which was confirmed to be atomically flat by ADF-STEM and atomic force microscopy (AFM) characterizations (Fig. 10b ). 161 As reported by Wang et al., the resultant transport of the device reached room-temperature mobility over 140 000 cm 2 V À1 s À1 . This realizes the large carrier density, and ballistic transport over distances >15 mm (only limited by the device size). Such a performance reflects the pristine electronic characteristics natural for graphene. It was also uncovered that there had been an extremely large local magnetoresistance of B2000% at 400 K and a non-local magnetoresistance of >90 000% in a few-layer graphene/BN heterostructure. 165 The local magnetoresistance is considered to arise from the large differential transport parameters (like carrier mobility) across the graphene layers in a normal magnetic field, whereas the non-local magnetoresistance is due to the magnetic field induced through the Ettingshausen-Nernst effect. Apart from graphene, other 2D materials can be envisioned for such applications. For example, single-layered WS 2 shows a direct bandgap, which is attractive for optoelectronic and FET applications. However, the low mobility and environment-sensitive electronic characteristics limit its practical device applications. The remarkable improvement in the electrical characteristics for a single-layer WS 2 FET was demonstrated once it had been placed onto h-BN. 166 The structure showed a high mobility of 214 cm 2 V À1 s À1 at room temperature, and 486 cm 2 V À1 s À1 at 5 K, with the output current ON/OFF ratio of B10 7 at room temperature. A high field-effect mobility of B1350 cm 2 V À1 s À1 , ON/OFF ratios >10 5 at room temperature, together with a quantum oscillation phenomenon, have also been observed for a monolayer black phosphorus (BP) that is encapsulated into h-BN layers. 167 The h-BN protects the BP layer from quick corrosion under ambient conditions. Such BN/WS 2 /BN or BN/BP/BN sandwich-like heterostructures offer a new way to develop high-quality and durable electronic devices.
Nanophotonics
In recent years, in-depth understanding of chemical and physical properties of h-BN and its heterostructures has boosted the development of BN-based photonic devices. Nanophotonics refers to the studies of confined lights in nanoscale dimensions (much smaller than a typical light wavelength) and their interactions with a nanomaterial.
A mixture of polar dielectric materials at the atomic scale, such as alternating and complementary BN structures, can generate new nanophotonic devices resulting from the hybridized optical phonon behaviour of the components. These heterostructures could be used in nanophotonics ranging from mid-infrared to terahertz applications. 168 h-BN was also reported to work as a multimode waveguide for hyperbolic phonon polariton propagations due to its unique dielectric property in the basal plane. Moreover, hybridization of surface plasmon polaritons in graphene with hyperbolic phonon polaritons in h-BN gives a waveguide tunability. Therefore, a graphene/BN heterostructure can be viewed as an electromagnetic metamaterial since its constituting elements alone can't exhibit the required properties. 169 Ju et al. reported photo-induced doping in van der Waals G/BN heterostructures, which enables repeatable writing and erasing of the doping features under a visible light and preserves the very high mobility of G/BN. Microscopically coupled optical and electrical responses of G/BN heterostructures were also discovered. 170 Likewise, through the advent of van der Waals heterostructures, Woessner et al. exploited near-field microscopy to detect plasmons propagating in a high-quality graphene within the BN/G/BN heterostructure. Unprecedentedly low plasmon damping combined with strong field confinement had been found, which was attributed to intrinsic thermal phonons in the graphene and dielectric losses in the h-BN (Fig. 11 ). 171 which is known to be the stiffest and best thermally conductive material on Earth. 34, 173 Thus, utilizing BN nanomaterials as composite fillers can enhance the mechanical strength and increase the thermal conductivity of a matrix while maintaining its electrical insulation. A simple model to estimate the elastic modulus for a composite is written as follows:
and V f = 1 À V m E c , E m and E f are the elastic modulus of composite, matrix and fillers, respectively, while the V f and V m are the volume fractions of the fillers and matrix. This equation is known as the upper bound of the estimated modulus values supposing that the fibrous fillers are aligned in the direction of the applied load. 180 The lower bound is calculated based on the eqn (2):
For more complicated composites, we can define an empirical fitting parameter g (0 o g o N): 
When g -N, eqn (3) equals eqn (1) , that used in the upper bound Young's modulus calculations. However, the critical problem faced by researchers during their mechanical reinforcement endeavours is how to efficiently transfer the loads to the nanofillers. Since BN fillers and the employed host matrices interact via weak van de Waals forces or p-p interactions, it is important to chemically modify the surfaces of BN nanofillers with appropriate functional groups to enhance such interactions and/or introduce other strong interactions.
As mentioned in the chemical functionalization section, BNNTs and BNNSs, that are functionalized with -OH, -OCOR, -COR, -R groups, have revealed a considerable reinforcement of polymer matrices compared with the effects of solo BN nanostructures. In 2006 Zhi et al. carried out a pioneering work utilizing BNNTs for polystyrene enhancement once the macroscopic fabrication of high-quality BNNTs had been realized within the same group. 174 Afterward, the present authors' and Coleman's groups performed a considerable fraction of work in this field; various BN nanostructures and their functional derivatives were developed as advanced fillers for different polymers ( Table 2 ). In this respect some conclusions can be drawn as follows: (1) both solo and functionalized BNNTs/ BNNSs are effective for elastic modulus and tensile strength improvements for a variety of polymeric matrices, including PS, PVB, PMMA, PEVA, PVA, PU, PC, epoxy, PE, PNIPAM, etc. 23, 25, 26, 71, 73, 75, 79, 89, 174, 175, 177, 179 With an increase in the BN nanofiller fraction in a polymer, the elastic modulus continuously increases, while the tensile strength of the composites shows a more complicated trend; the effect depends on the BN filling fractions and the matrix types. 25, 179 Drawing of the fibrous BN composite can remarkably improve both its elastic modulus and tensile strength along the axial direction. 176 (2) The chemically functionalized BNNTs/BNNSs are more effective for composite reinforcement, as compared to bare BNNTs/ BNNSs. In fact, functionalization of BN nanostructures is able to modify the chemical and physical properties of the material surfaces, which improves the BN-polymer interfacial interactions and stimulates a more effective mechanical load transfer to BN structures. As shown in Fig. 12 and Table 2 , Sainsbury et al. fabricated OH-BNNSs and OCN(CH 2 ) 6 NHCO 2 -BNNSs to serve as nanofillers for PVA and PU, respectively. Their performances in composites were compared with those of unmodified BNNSs. The results show that adding 0.1 wt% OH-BNNSs can achieve a 186% increase in the elastic modulus of a composite compared with a 20% increase if using the same amount of standard BNNSs instead. 73 Based on the Halpin-Tsai equation (eqn (3)), this result reveals near 70 times enhancement of the g values for the OH-BNNSs compared to the bare BNNSs in their PVA composites if the functionalized OH-BNNSs were assumed to have the same elastic modulus as the BNNSs. The advantages of functionalized BN nanostructures for the composite strength improvement are also remarkable, as compared with bare BN nanofillers. 71, 73 (3) For a specific polymer, a dedicated design of functionalized BN nanofillers, that can maximize the interactions with the polymeric host will optimize the composite mechanical reinforcements. Here, numerous factors need to be considered while designing new BN nanofillers, such as polymer structural features (linear or branched chains), hydrophilicity or lipophilicity, containing groups in the targeted polymers, etc. A single functionalization mode is not expected to be versatile and effective for all polymeric matrices.
Thermal conductivity enhancement. The in-plane thermal conductivity of BNNSs is B600 W m À1 K À1 , which is 3-4 orders of magnitude higher than that of common polymers. Thus, utilizing the highly thermally conductive BNs as nanofillers in polymeric matrices can improve their overall thermal conductivity. However, increasing the thermal conductivity of a polymer by simply increasing the nanofiller volume fraction faces certain limitations. This is because such strategy fails to build an efficient thermally conducting network in a matrix; and large phonon dispersions occur at the interfaces between nanofillers and the matrices. Here, selectively functionalized BN nanostructures, like edge-functionalized and end-functionalized, would provide an effective route to self-assemble the nanofillers in a polymer to form ordered and interconnected thermally conducting networks, and may finally solve the problem under consideration.
Usually, a large fraction of BN fillers is necessary in order to let the polymer gain a clear improvement in thermal conductivity, much larger than the required fraction in the case of mechanical reinforcement. Under filling with 18-40 wt% BNNTs/BNNSs, over 10-fold improvements in thermal conductivity for different polymers was frequently achieved. 175, 177, 183 It is noted that Zhu et al. fabricated a BNNSs/cellulose paper ( Fig. 13a-c) , and reported that the sample loaded with 50 wt% of BN phase shows a thermal conductivity of 145.7 W m À1 K À1 along the paper plane, which is over 4000 times improvement compared to bare cellulose and is also larger than that of the commercial Al alloy 135. 179 Such exceptionally good performance may be governed by an improved ordering of BNNSs after filtering and mechanical pressing processes, and the possibility of measuring conductivity along the basal plane direction. And interestingly enough, the edge-hydroxylated BNNSs prepared via an h-BN reaction with steam at high temperatures were found to be useful as fillers in poly-(N-isopropyl-acrylamide) (PNIPAM) hydrogel; the thermal conductivity of the hydrogel improved by 41% under incorporation of only 0.07 wt% of OH-BNNSs ( Fig. 13d-f ). 79 This indicates that an effective thermal conductivity network forms via effective interactions between the hydrophilic -OH groups at the BNNS edges or through the hydrogen bonds with PNIPAM molecules. Other efforts, such as utilizing multiple BN nanostructures for thermal conductivity network construction, were also made. 184 These results have proven the great advantages of Abbreviations: PS = polystyrene; PVB = poly(vinyl butyral); PMMA = poly(methyl methacrylate); PEVA = poly(ethylene vinyl alcohol); PC = polycarbonate; PVA = poly(vinyl alcohol), TPU = thermoplastic polyurethane; UHMWPE = ultrahigh molecular weight polyethylene; PU = polyurethane; PE = polyethylene; POSS = polyhedral oligosilsesquioxane; PNIPAM = poly(N-isopropylacrylamide).
functionalized BN nanomaterials for thermal conductivity enhancement of the composites.
Other composite applications. The polymeric composites with a high dielectric constant are attractive for potential charge storage capacitors. As the composite nanofillers, BN nanostructures are ideal for dielectric property management. Li and Wang have found that a crosslinked divinyltetramethyldisi-loxanebis(benzocyclobutene) (c-BCB) polymer that is embedded with BNNSs not only shows a decreased electrical conductivity and conduction loss of c-BCB, but also possesses remarkably improved dielectric stability over a broad operating temperature and frequency range ( Fig. 14) . 185, 186 Due to the presence of BNNSs, the heat dissipation enhanced compared to the case of pristine c-BCB, which had been considered as the origin for the impressive high-voltage capacitive energy storage at very high working temperatures. Furthermore, filling functionalized BNNTs (POSS-BNNTs) into an epoxy resin led to lowering the dielectric constant and dielectric loss, 89 which was in contrast with the effects observed while using normal pure BN nanostructures as fillers. 57 Other applications of BN containing composites have also been studied. For example, additions of OH-BNNSs or BNNSs into a polymeric matrix can effectively enhance the barrier properties of the polymer for gas permeation. 75, 187 Kang et al. reported that a 2 wt% BNNT/polyimide composite exhibits an electroactive strain increase of B460% (piezoelectric and electrostrictive) compared to the polymeric host, implying bright prospects for future applications in energy harvesting and aerospace protection fields. 188 
Environmental and energy-related applications
Photocatalysis. Carbon-doped BN nanosheets and BN heterostructures have recently been found to be effective for photocatalytic H 2 productions and pollutant oxidation in water. Using carbon doping, Huang and Wang prepared BCN nanosheets with the energy band gaps narrowed to B2.1 eV, making it possible that the materials will work under a visible-light illumination (Fig. 15a ). As shown in Fig. 15b , the photocatalytic H 2 evolution at a rate of B4 mmol h À1 could be achieved under visible light (l > 420 nm). The calculated quantum efficiency reached 0.54% at a 405 nm wavelength. Meanwhile, these developed BCN materials were also applicable for photocatalytic CO 2 reductions. 104 After functionalization with other metal oxides/sulfides/ halides active particles, particularly, TiO 2 , [116] [117] [118] [119] ZnO, 120 SnO 2 , 55 and WO 3 , 121 the photocatalytic performances of these BN heterostructures were improved remarkably for pollutant degenerations. This was due to the effective separation of the photo-generated holes and electrons. Besides carbon doping, our group has experimentally proven that the band gap of edge-hydroxylated BN porous sheets is narrowed compared with pure h-BN; the materials can be used as TiO 2 visible light sensitizers for organic pollutants degeneration in water ( Fig. 15c-e ). Furthermore, we have demonstrated the existence of photo-generated OH radicals in a TiO 2 /BN composite under visible-light irradiation using electron spin resonance (ESR) spectroscopy. 76 Electrochemical catalysis. BCN nanomaterials are well known as effective metal-free electrochemical catalysts for oxygen reduction reaction (ORR), which is a very important process in fuel cells, Li-O 2 batteries, sensors, etc. [189] [190] [191] Introducing dual heteroatoms of B and N into C lattices would induce a synergistic effect that boosts the ORR catalytic activities, superior to those when solo-doped (B or N) carbon materials are used. 103, 192 Among various possible configurations of the BCN systems, the structure where B and N atoms are separated by C atoms, rather than being linked together, has been confirmed to have higher ORR activity in experiments. 193 This is because the B site that is activated by a pyridinic N atom (they are separated by a C atom) has the highest affinity to adsorb protonated O 2 (HO 2 ), which is a rate-determining step for the ORR process on catalyst surfaces. 192 The energy of HO 2 adsorption on such a configuration is higher than that of solo B-or N-doped carbons. This explains why B and N dual-doped C materials are more advantageous for ORR applications. These studies should guide future searching and designing of optimized BCN catalysts toward more efficient and economic O 2 reductions and other valuable reactions.
Hydrogen storage. BN materials, when applied for H 2 storage, can work by chemisorption and physisorption mechanisms. As early as in 2002, our group studied the H 2 uptake properties of various BNNTs at high pressure (10 MPa) and room temperature, and found that the majority of H 2 had been chemically adsorbed, and could not be released when the applied pressure was removed. 11, 194 On the other hand, H 2 storage based on physisorption under a low pressure is totally reversible; such storage features are greatly affected by the material textural properties, like SSA, pore width, pore volume, etc. Theoretically, a BN material is advantageous for H 2 adsorption due to its higher H 2 binding energy compared with its carbon analogues and many MOF materials. 195 For the porous BN materials, high H 2 uptake capacities up to 2.6 wt%, which correspond to an energy density of 0.87 kW h kg À1 , were achieved at 77 K and a low pressure of 1 MPa. 37, 58 Other functionalized BN nanomaterials, such as C/O-doped BN porous substances, also show impressive H 2 storage capacities. 106, 196 Recent theoretical work on this topic has demonstrated that C-doped porous BN having a band gap of 1.8 eV can store 5.1 wt% of H 2 , 197 and cage-like BN structures may store over 12 wt% of H 2 . 198 Further decoration of BN/BCN surfaces with Ca and Li could further enhance the H 2 uptake capacities, as was documented theoretically. 97, 98 These results indicate that there is still enormous potential remaining for developing BN and BCN-based H 2 accumulators.
Water cleaning. Another function derived from the excellent adsorption properties of porous BN materials is the pollutant adsorption. It has been reported that porous BN materials can remove a wide range of pollutants from water, including oils, organic solvents, dyes, metal ions, etc. 60, 62, 63, [199] [200] [201] After simple treatments, these BN adsorbents could be regenerated and used repeatedly with a negligible capacitance loss. For pollutant and oil adsorptions, porous BN materials could uptake 3300 wt% of the adsorbates. They also feature excellent cycling performances. 62 Such functions could be extended for organic pollutant enrichment and their detections in water. The detection limit could be improved by orders of magnitude due to the presence of pollutant-enriching porous BNs. 126 
Other applications
Many other applications of functionalized BN materials are also envisaged to have potential importance, although the respective studies are still in their infancy at the current stage. For example, proton transport through an atomic-thick BN monolayer was found to be unexpectedly high at room temperature, i.e. B2 orders of magnitude higher than through graphene and other 2D crystals. The H + conductivity would be further boosted to >2 S cm À2 by decorating Pt nanoparticles on a BN monolayer surface. Such a value already meets the conductivity requirement for membranes used in currently operating hydrogen fuel cells (s > 1 S cm À2 ). 202 This may lead to a discovery of nextgeneration proton conduction membranes for advanced fuel cell applications. Besides, due to the structural diversity of BCN systems, great chances still exist to sieve high-performance catalysts for ORR, hydrogen evolution reactions (HER) and many other reactions, or develop BCN electrodes for electrochemical energy storage (supercapacitors and lithium/sodium ion batteries). Applications in photo-generated hole collectors in solar cells are also on the agenda. The emerging functional groups of chemically functionalized BN nanomaterials also provide good opportunities for the future interface engineering of BN heterostructures, which can chemically bond other components to the BN surfaces. This would be helpful for the development of efficient and durable nanosized catalysts or for tuning the band structures of a composite to improve photogenerated hole and electron separations. Future top-notch advances in these prospective fields would be timely and essential for a future eco-friendly and sustainable society.
Summary and outlook
This article has presented an overview of the functionalized BN nanomaterials, from the developed chemical and physical functionalization methods to their emerging properties and applications. A variety of chemical groups/hetero-atom dopants/ components, including hydroxyl (-OH), amino (-NH 2 ), ether (-OR), amine (-NHR), arcyl (-COR), alkyl (-R), halogen (-X) groups, etc., have been introduced for the chemical modifications of BN surfaces. Other physical functionalization modes, such as preparations of BN low-dimensional and porous structures, have also been discussed. These efforts have generated new properties and functions of BN materials. These include but are not limited to: (1) water-soluble and biocompatible BN functional materials for biological and biomedical applications; (2) efficient load transfer using chemically functionalized BN nanofillers in polymeric composites; (3) construction of more effective thermal conducting networks toward creation of thermally conductive and electrically insulating composites; (4) BN-C heterostructures designed for ultimate atomically thin electrical circuitry and device applications; (5) band-gap-adjustable BNs and BN heterostructures used for photocatalytic H 2 production and pollutant oxidation and electrochemical reaction catalysis.
Despite the promising future of functionalized BN nanomaterials, the progress made in the related fields has still been rather modest, especially when compared with those achieved for carbon analogues. This situation is mainly explained by high chemical stability/inertness of BN materials that prevents them from immediate post-reactions/modifications. To date, various post-synthetic methods for BN functionalization have been established, however, the scope and efficiency of these strategies are still seldom satisfying. Alternatively, the recently proposed ''reserved functionalization'' route may provide a new way toward more efficient functionalization of BN and other materials. 70 Many more advanced strategies need to be introduced to tackle this challenge.
In addition to the developments of synthetic methods, the design of analytical techniques that can precisely confirm the existence of functionalized BN nanostructures is also critical. For example, the cutting-edge high-resolution electron transmission microscopy is a powerful tool for resolving individual atoms spatially and chemically; this technology will certainly provide valuable information for BN functionalization studies, like precise determination of the functionalization sites on the BN surfaces, geometry and nature of the formed bonds, etc. However, this direction is still very challenging because the light B, C and N atoms typically show a close atomic size and analogous contrast under microscopic imaging, making them difficult to be resolved directly. In recent years, many important advances have been achieved in atomic and chemical determination of materials, 95, 99, [203] [204] [205] such as the mentioned annular dark-field imaging technique, aberration-corrected transmission electron microscopy, scanning tunnelling microscopy, atomic force spectroscopy, etc. All these methods should become valuable instruments for uncovering material functionalization-structureproperty relationships.
By taking into account the above-mentioned restrictions and challenges with respect to BN chemical and physical functionalization, precise characterization of the materials, and prospective applications, researchers should put more efforts into the development of more effective, scalable and economic BN functionalization strategies. This would pave the way toward exact property-oriented design of functionalized BN materials to meet the ever growing demands for future high-performance bio-, electronic, photoelectrical, and electrochemical devices for utilizing in energy, environmental and composite fields.
